The graphene-like structures are investigated by methods of electron microscopy, EMR, and Raman spectroscopy. They were obtained by the chemical treatment and the sonication in different reagents. As a source for obtaining the graphene-like structures, the thermoexfoliated graphite was used. The number of graphite layers in the graphene-like structures, the shapes of individual particles, structural-morphological characteristics, and the homogeneity of the sizes of particles for specimens of the graphene-like structures obtained with different methods are estimated. K e y w o r d s: graphene-like structures, chemical treatment, thermoexfoliated graphite, Raman spectroscopy.
Introduction
Significant interest to graphene is due to the spectrum of its unique electrophysical, electrodynamic, mechanical, and optical properties. Graphene is characterized by extremely high electrical conductivity [1] . The conductivity of graphene has a ballistic character that is caused by extremely high values of charge carrier's mobility even in comparison with single-wall carbon nanotubes (CNTs) and monocrystalline graphite [2] . For graphene and graphene-like structures, there are a number of quantum effects, in particular, the quantum Hall effect and quantum linear magnetoresistance [3] . Graphene, as well as CNTs, is considered as a basis for the creation of future nanoelectronic devices [4] . Moreover, graphene is characterized by the high mechanical stiffness, thermal conductivity, and specific surface, the value of which is even slightly higher than for CNTs [5, 6, 7] . All these properties in combination with high electrical conductivity determine the prospect of using graphene and graphene-like structures as fillers for polymeric composites [8, 9] . One of the most rapidly developing areas is the creation of polymer composites with graphene-like fillers for the use for electromagnetic shielding [10] . One of the priority tasks of modern nanotechnologies is the development of methods that would allow graphene-like structures (GLSs) with a high degree of structural perfection to be obtained in significant quantities. One of the most productive methods to obtain GLSs is the chemical treatment of layer carbon materials by strong oxidizers with the following dispersion. Usually, sonication is used for the dispersing. The treatment of a source graphite by strong oxidizers, on the one hand, leads to the destruction of a lamellar graphite structure and the formation of graphene-like sheets. But, on the other hand, it stimulates the appearance of a significant number of defects in graphite layers. The chemical treatment of graphite with strong oxidizers results in the destruction of the delocalized -electron system of a graphite layer and in the partial -bond rupture in the layer. This causes the deterioration of electrical transport properties of obtained graphenelike structures [11] . Thus, it is necessary to select optimum chemical reagents and methods of dispersion to obtain GLS with a small number of imperfect graphite layers. The work presents the results of studies of a change in the surface morphology of nanocarbon particles and in a microstructure after the chemical treatment with strong oxidizers and after the sonication.
Experimental
For obtaining a GLS, thermoexfoliated graphite (TEG) was used as a source. The detailed description of the method to produce TEG is presented in [12] . Table 1 presents the methods that were used to obtain chemically treated specimens (Nos. 1-4) and sonicated specimens (Nos. 5-7) of GLS.
As is seen from the table, the strong unorganic and organic oxidizers were used in order to obtain GLSs. In addition, for comparison, the specimens were prepared by the sonication of source TEG in different media.
The surface morphology and microstructure of GLSs after the chemical treatment and the sonication were investigated with electron microscopy including high-resolution electron microscopy (electron microscope JEOL 200). The EMR method was used for the analysis of the order degree and defects in graphite layers. Room-temperature EMR measurements were conducted with the use of a Bruker EMX-220 X-band ( ∼ 9.4 GHz) spectrometer equipped with an Oxford Instrument ESR900 and/or a Bruker ER 4121 VT. For the determination of the deficiency degree of graphene-like sheets, Raman spectroscopy was used (Horiba LabRAM ARAMIS Raman spectrometer). To determine the degree of structural ordering in GLSs and to reveal carbon defects in graphite planes (dangling bonds), the EMR investigation of the obtained GLSs was carried out. Figure 3 presents the RTEMR spectrum of a specimen treated with a mixture of sulfuric and nitric acids (No. 2): full spectrum (a) and the region in the vicinity of = 2.00 (b).
Results and Discussion
Evidently, this specimen absorbs the electric component of MW less than specimen 1. For this spec- imen, the quite intense narrow signal due to carbon inherited defects is observed (Fig. 4 , b): = = 2.003 ± 0.001 and the line width ΔH = 1.2 ± ± 0.1 mT. Thus, the given specimen is more defective in the graphite layer plane in comparison with specimen No. 1. This correlates with the data of electron microscopic studies. Figure 4 presents the general view of RTEMR spectra for specimens obtained by the sonication of TEG in ethanol (No. 5) (a) and acetone (No. 6) (b).
As is seen from Figures for both specimens, the weak signal due to carbon inherited defects is observed. Thus, according to RTEMR studies, the GLSs obtained by the chemical treatment of TEG with a mixture of acids are most defective.
In order to reveal the peculiarities of the nanocarbon structure changes upon chemical and ultrasonic treatments, the obtained specimens of the GLSs were studied by the Raman spectroscopy method. To estimate the degree of uniformity of the structure of GLSs obtained with different methods, the Raman spectra were obtained from several points for each specimen of GLSs.
As is known, Raman spectroscopy is a powerful nondestructive method for the characterization of carbon-based materials such as carbon nanotubes, graphene, graphene-like structure, and graphites with different degrees of structure perfection [13] [14] [15] [16] [17] . There is only one intense band in the spectrum of monocrystalline ideal graphite. This is the so-called -band ( −1 = 1580 cm −1 and the half-width Δ = = 12.5 ± 0.5 cm −1 ) [13] . In the Raman spectra of less ordered graphites, an additional line appears in the region ∼1350 cm −1 . This band ( -band) is associated with the violation of selection rules due to a disorder, finite size of crystallites, defects, and rehybridization of carbon atoms from the sp 2 -to sp 3 -state. The intensity of the -band increases with the defectiveness of a graphite structure. Herewith, the position of the -band line is shifted from 1570 cm −1 to 1585 cm −1 , and its halfwidth increases to 25 cm −1 [13] . With an increase in the -band intensity, the ′ -band appears, often as the shoulder of the -band. Raman spectroscopy also is used to identify graphene and graphene-like structures. With a decrease in the number of graphite layers in the graphene-like structure, the -band is shifted to the short-wave region. Raman spectroscopic studies of graphene also have revealed very interesting phenomena. For example, the single sharp second-order Raman ′ -band has been widely used as a simple efficient way to confirm the presence of single-layer graphene [16] . The ′ -band of multilayer graphene can be fitted with multiple peaks due to the splitting of the electronic band structure of a multilayer material [16] . Figure 5 presents the typical Raman spectra for source TEG (Fig. 5, a) and specimens of GLSs (Figs. 5, b-g ), and Table 2 As is clearly seen from the figures, the general views of Raman spectra for all specimens are similar. There are the intense -line assigned to the in-plane vibrations of the C-C bond, weakly intense -line activated by the presence of a disorder in the carbon systems and overtones, and ′ -line for all specimens, but the exact position of each line, the shapes of lines, as well as the ratios of the integral intensities of the lines for each specimen are significantly different.
Let us consider the more detailed spectra for each of the studied specimens.
For source TEG, the intense -line is observed, whereas the -line intensity is very small. The ratio of integral intensities / is ∼0.11 for all points of a specimen, which indicates a small defectness and a high uniformity of the specimen structure. The half-width of the -line is 15 cm −1 that is close to the -line half-width for high oriented pyrolytic graphite. The Raman spectrum also exhibits the band around 2700 cm attributed to the overtone of the -band. This band is essentially asymmetric for all specimens and is a combination of two lines ( Fig. 5, b) the ratio of integral intensities / is essentially decreased in comparison with source TEG (∼4.76 for the first point and ∼6.7 for the second one). Such increase in the -line intensity with respect to the -line reflects a significant increase in the graphite layer structure defectness and a possible re-hybridization of carbon atoms. The some extension of the -line (up to 18 cm −1 ) in comparison with source TEG also indicates the growth of the structure defectness. The -line is somewhat shifted to the long wave region, that is a result of the reduction in the number of layers in the GLSs obtained with method No. 1. The shape of a broad ′ -band also significantly differs from the shape of the corresponding line for source TEG. The position of the first from two lines forming a broad ′ -band essentially shifts to the right. The ratio of the integral intensities of the lines ′ 1 / ′ 2 increases up to 2. Thus, all the data from the Raman spectra for the specimen obtained by the treatment of source TEG with a KMnO 4 solution in sulphuric acid unambiguously point out on a decrease in the number of layers in GLSs and an increase in the defectness of graphite layers. The similarity of the values of the parameters at different points of the specimen shows a sufficient uniformity of the specimen structure.
Based on the Raman spectral view, the structure of the two specimens (No. 3 and No. 4) is less homogeneous. So, for the specimens obtained with the treatment of source TEG with a mixture of ethanol and toluene (specimen No. 3, Fig. 5, c) for different points, the ratio of the integral intensities / varies from 4.76 to 11.11. The last value of / is the same as for source TEG. Thus, in this specimen, there are practically defect-free parts of graphite planes with crystallite sizes, which are similar to those in source TEG. However, there are areas with significant defects. In addition, such differences are present in the values of the -line extension. For the first specimen point, the -line extension is 15 cm −1 that coincides with the extension of the -line in source TEG. For another specimen point, this line is more broadened (up to 18 cm −1 ). The same significant differences are observed for ′ -lines obtained from different points of the specimens. For the ′ -line obtained from a specimen point with a significant defect, the ratio of integral intensities ′ 1 / ′ 2 is 2, and the Thereby, the chemical treatment of TEG on the whole results in the formation of GLSs with a small number of significantly defective graphite layers. However, such characteristics of the structure as homogeneity and defectness are very sensitive to the type of a chemical reagent that was used for such treatment.
The following specimens were obtained by the ultrasonic dispersion of source TRG in a chemical medium.
A slightly larger deviation of the spectral parameters is observed for a GLS obtained by the sonication of TEG in ethanol (specimen No. 5, Fig. 5 , e) compared to the GLSs obtained with the treatment of TEG by ethanol in a magnetic stirrer (No. 4). The -line wavelengths are somewhat shifted (1582 cm −1 ) for both Raman spectra. The ratio of the integral intensities / are 3.12 and 5.55 for different points of the specimen. The ′ -line is also double. The ′ 1 -lines are shifted to the right in both Raman spectra. The ratios ′ 1 / ′ 2 are 2.62 and 1.31, correspondingly. In general, the structure parameters of this specimen are similar to those of specimen No. 4, but the former is somewhat more heterogeneous.
The heterogeneity of the structure of the specimen obtained with the ultrasonic dispersion in acetone (specimen No. 6, Fig. 5, f) is even more pronounced according to the Raman spectrum. The Raman spectra obtained for different parts of the specimen are very different. For some parts of the specimens, the Raman spectrum is similar to the Raman spectrum of source TEG. The ratio / is 11.11, as for source TEG. The positions of the G-and ′ 1 -lines correspond to the positions of these lines in source TEG, and the value of ratio ( ′ 1 / ′ 2 = 1.17) indicates a significant number of graphite layers in a platelet. For other parts of the specimen, the ratio / is the smallest for all the investigated specimens, / is 1.64. That is, the integral intensities of the -and -lines are almost equal. Such increase in the intensity of the -line arising from the activation of the first-order scattering process of sp 3 -carbon indicates a growth in the number of defects in graphite layers or reducing the size of the crystallites along the graphite planes. The ′ 1 -line is essentially shifted to the right, and ′ 1 / ′ 2 is 2. These data indicate a very small number of graphite layers in GLSs. So, specimen No. 6 is the most heterogeneous from all investigated specimens. However, it contains individual particles with the smallest number of graphite layers in GLSs.
The specimen obtained with the ultrasonic treatment of source TEG in water (No. 7, Fig. 5, g ) is quite homogeneous from Raman spectral data. The integral intensity ratios / for different specimen points are 9.03 and 5.50. These values are slightly smaller than for source TEG, but they are bigger, than for other specimens. The positions of theand ′ 1 -lines are shifted to high frequencies. The ratio ′ 1 / ′ 2 is in range from 1.14 to 1.95. Thus, this specimen is less defective than other investigated specimens, but the number of graphite layers in the GLS obtained with method No.7 is larger, than in the GLSs obtained with other methods.
Conclusions
As the carried out investigations showed, all methods allow one to obtain GLSs from source TEG. However, the number of layers in the GLS, the shape of individual particles, structural-morphological charac- teristics, and the homogeneity of the sizes of particles are determined by the chemical substance, in which the dispersion took place and by the method of dispersion of particles.
It is revealed that the treatment of source TEG with a strong oxidizer (KMnO 4 solution in sulfuric acid or ethanol) lets one to get the planar graphenelike sheets with a small number of graphite layers. The treatment of source TEG with less strong oxidizers leds to the formation of highly defective carbon structures or structures those are very heterogeneous in size and number of graphite layers.
The use of the sonication for a dispersion of source TEG results in the formation of GLSs with a strongly expressed defects in graphite layers. However, the use of the sonication for a dispersion allowed us to obtain the GLSs with a small number of graphite layers even for the dispersion in water. When the sonication of TEG is carried out in acetone and ethanol, the formed GLSs are not very uniform in size and the number of layers. But the sonication of source TEG in acetone leads to the formation of GLSs with the smallest number of graphite layers.
